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D a t a  contained i n  t h i s  repor t  w e r e  prepared by personnel 
at t h e  Fl ight  Research Pro jec ts  Branch of t h e  NASA Manned 
Spacecraft Center and t h e  Ryan Aeronautical Company t o  dem- 
ons t r a t e  t h e  v a l i d i t y  of scatterometer information obtained 
on Earth Resources Survey missions. This r epor t ,  together  
with In t e rna l  Note No. MSC-CA-R-67-3, completes t h e  radar  
da ta  review requirements as defined i n  m43/M156-66 and Con- 
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RADAR SCATTEROP'ETER DATA VALIDATION: FINAL REPORT 
By Kenneth B. Craib 
A f t e r  preliminary ana lys i s ,  17 magnetic tapes  -recorded on m i s -  
s ions 21, 23, 32, 35, and 36 - w e r e  reviewed t o  determine t h e  v a l i d i t y  
of scatterometer data  gathered over Earth Resources Program tes t  sites 2 ,  
11, 32, 46, 76, 95, 102, and 104 during Apr i l  t o  December of 1966. 
Sample power-spectral-density curves, t i m e  h i s t o r i e s ,  and p l o t s  of radar  
backscat ter ing versus incidence angle were prepared from each da ta  tape.  
A e r i a l  photographs obtained concurrently with these  da ta  and descrip- 
t i o n s  of t h e  overflown t e r r a i n s  a r e  presented. The techniques and 
methods used t o  obtain and t o  analyze these  da t a  are presented and dis- 
cussed. 
INTRODUCTION 
The REDOP scatterometer,  operated by t h e  Manned Spacecraft  Center 
(MSC) f o r  t h e  Earth Resources Aircraf t  Program (EXUP), i s  a continuous- 
wave (cw) Doppler radar  system. 
generated by a 1 . 5 - w a t t  Metcomm MKK-37 klystron o s c i l l a t o r  operating a t  
a frequency of 13.3 GHz and rad ia ted  by a single-element s lot ted-array 
antenna. A s  shown i n  f igu re  1, t h i s  antenna generates an extremely 
broad fan-shaped beam (approximately 120° along t h e  f l i g h t  path and 3 O  
l a t e r a l l y ) .  The E-vector i s  or iented i n  t h e  wide-beam d i r ec t ion  t o  
obtain v e r t i c a l  po lar iza t ion  data .  
The radio-frequency ( r f )  energy i s  
The antenna pa t t e rn  coverage (radar  foo tp r in t  of t h e  system) may 
be divided i n t o  a series of areas. The s i z e  of t h e  areas is  determined 
by t h e  antenna beam width i n  one d i r ec t ion  and by t h e  Doppler reso lu t ion  
along t h e  ve loc i ty  vector.  This reso lu t ion  can, within l i m i t s ,  be made 
f i n e  or coarse by se l ec t ion  of spectrum-analyzer f i l t e r  bandwidths during 
da ta  reduction. The f i n a l  r e f l e c t i v i t y  curves may then present averages, 
or grea t ly  de t a i l ed  da t a ,  contingent upon t h e  intended appl ica t ion  
(refs. 1 and 2) .  
2 
The r e f l ec t ed  echo power densi ty  i s  separable as a funct ion of t h e  
incidence angle by t h e  Doppler frequency, which i s  a funct ion of t h e  
vehicle  ve loc i ty  and t h e  incidence angle as follows 
where 
Fd = Doppler frequency 
V = t r u e  ground speed 
A = t ransmit ted wavelength 
8 = incidence angle,  measured from nadir 
The r e f l ec t ed  s igna l  i s  received by a second antenna ( i d e n t i c a l  t o  
t h e  f i r s t )  and i s  recorded on magnetic tape.  
of t h e  system is  10 Hz t o  10  kHz, frequency modulation (FM) recording 
techniques are employed. With t h i s  system, da ta  a r e  received simulta- 
neously from a l l  angles of incidence across t h e  beam. 
data  processing i s  f eas ib l e ,  t he  complete analysis  is  normally conducted 
i n  t h e  laboratory a f t e r  t h e  f l i g h t  has been completed. 
Since the  required response 
While onboard 
To a i d  i n  t h i s  ana lys i s ,  an audio o s c i l l a t o r ,  dr iving a f e r r i t e  
modulator a t  a frequency severa l  kHz above maximum ground r e tu rn ,  i s  
employed t o  obtain an absolute s igna l  reference l eve l .  This permits 
ca lcu la t ion  of t h e  absolute value of t h e  d i f f e ren t i a l - sca t t e r ing  cross 
sec t ion  per u n i t  area 0 fo r  any recorded run. An in t en t iona l  l o w -  
frequency r o l l o f f  i s  included i n  the  system amplif ier  t o  keep power re- 
t u r n  within t h e  dynamic range of t h e  tape  recorder.  This low-frequency 
r o l l o f f  i s  adjustable  and i s  normally s e t  at 400 Hz fo r  f l i g h t s  over 
land and a t  5 kHz f o r  f l i g h t s  over water,  s ince  t h e  power r e tu rn  over 
w a t e r  i s  much grea te r  a t  lower frequencies (near normal incidence) than 
at higher frequencies. A block diagram of t h e  13.3-GHz scatterometer i s  
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radar  cross  sec t ion  proport ional  t o  t h e  area of t h e  t e r r a i n  
contr ibut ing t o  t h e  r e tu rn  
d i f f e ren t i a l - sca t t e r ing  cross  sec t ion  per  un i t  area 
radar  backscat ter ing cross  sec t ion  per u n i t  a r ea  
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standard deviat ion i n  e levat ion of po in ts  on a surface 
l a t e r a l  beam-width angle 
depression angle 
THEORETICAL DISCUSSION 
A radar  scatterometer system i s  designed t o  measure t h e  radar  re- 
f l e c t i v i t y  or t h e  d i f f e ren t i a l - sca t t e r ing  c ross  sec t ion  per  u n i t  a rea  
of various surfaces  as a function of incidence angle. The d i f f e ren t i a l -  
s ca t t e r ing  cross sect ion is  a dimensionless real number, t h e  magnitude 
of which is  a function of t h e  t e r r a i n  parameters, describing t h e  a b i l i t y  
of a p a r t i c u l a r  t a r g e t  or t a r g e t  area t o  s c a t t e r  energy i n  a given direc- 
t i on .  This implies t h a t  t h e  re turn  energy is  received a t  such a dis tance 
t h a t  t h e  sca t t e red  f i e l d  can be regarded as an outgoing spher5cal wave 
( r e f .  3). 
The quant i ty  5 var ies  with incidence angle,  wavelength of obser- 0 
vat ion,  and polar iza t ion  f o r  d i f f e ren t  materials. The re la t ionship  be- 
tween these  var iables  "forms the  bas i s  f o r  scatterometry as a t o o l  f o r  
t h e  ea r th  sciences'' ( r e f .  4).  
The fundamental parameters governing changes i n  radar  r e tu rn  from 
t e r r a i n  are a s  follows (refs. 4 ,  5 ,  and 6 ) .  
1. Wavelength 
2. Polar iza t ion  
3. Incidence angle 
5 
4. Surface roughness 
5 .  E l e c t r i c a l  conductivity of t h e  t e r r a i n  
6 .  E l e c t r i c a l  permi t t iv i ty  of t he  t e r r a i n  
The first th ree  of these parameters are se lec tab le  at the discre- 
t i o n  of t h e  inves t iga tor .  
t h e  type and percentage of vegetation cover, water content ,  and other  
seasonal e f f e c t s .  Base-line data  concerning these  quan t i t i e s  a r e  usua l ly  
acquired by f i e l d  measurements and are r e fe r r ed  t o  as ground-truth in- 
formation. The d i f f e ren t i a l - sca t t e r ing  cross  sec t ion  per u n i t  area of 
a p a r t i c u l a r  t a r g e t  CT may be expressed as 
0 
The remaining t h r e e  parameters may vary with 
where 
h = wavelength 
p = polar iza t ion  
8 = incidence angle 
r = surface roughness 
n = conductivity 
E = permi t t iv i ty  
The product of t h e  quant i ty  CT and t h e  area AA which contr ibutes  
t o  a pa r t i cu la r  r e tu rn  s igna l  may be expressed as t h e  sum of t h e  individ- 
u a l  s ca t t e r ing  coe f f i c i en t s ,  CT ( r e f .  4) .  This nuniber descr ibes  t h e  





If t h e  r e l a t i v e  phase d i f fe rence  between s igna ls  r e f l ec t ed  from 
severa l  s m a l l  s c a t t e r s  i n  a p a r t i c u l a r  a rea  i s  discounted, then 
which, when combined with equation (3), y ie lds  
where 
o =  
0 
o =  i 
R .  = 
1 
G =  
A =  




d i f f e ren t i a l - sca t t e r ing  cross sect ion 
per u n i t  a r ea  
e f f ec t ive  cross  sec t ion  of t h e  i t h  
s c a t t e r e r  
radar range t o  t h e  i t h  s c a t t e r e r  
antenna gain i n  t h e  d i rec t ion  of t h e  s c a t t e r e r s  
wavelength 
average received power 
t ransmit ted power 
A t y p i c a l  re rad ia t ion  pa t te rn  f o r  a two-dimensional rough s c a t t e r e r  
might appear as shown i n  t h e  following sketch. 
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The echo power densi ty  of such a sca t t e red  f i e l d  va r i e s  with t h e  
looking angle. The angular pos i t ion  of t h e  observed m a x i m u m  and min- 
i m u m  echo power dens i t i e s  i s  then a function of t h e  surface geometry of 
t h e  sca t t e re r .  The degree t o  which t h i s  surface appears rough or  smooth 
i s  a funct ion of t h e  wavelength of observation. 
If t h e  roughness c r i t e r i o n  expressed by Lord Rayleigh i s  employed 
as  a reference,  then a surface i s  considered rough when 
h cos 8 1 
h < 8  
where h i s  the  height of t h e  roughness element, A i s  t h e  wavelength, 
and 8 i s  t h e  incidence angle. A study of 0 versus 8 curves ob- 
t a ined  by using t h e  Davies-Moore-Hayre t e r r a i n  r e f l e c t i v i t y  model has 
a l s o  indicated t h a t  t h e  t r a n s i t i o n  range from quasi-smooth t o  rough sur- 
face  i s  
0 
where 
on a surface above $and below t h e  mean surface (ref. 7 ) .  
T represents  t h e  standard deviat ion i n  t h e  elevat ion of points  
I n  most cases ,  when t h e  r m s  roughness of a surface i s  such t h a t  
T > A/PO, t h e  incident  wave s c a t t e r s .  Su-rfaces may be cataloged by t h i s  
roughness funct ion along a continuum from surfaces  which produce a s ing le  
backscat ter  lobe a t  v e r t i c a l  incidence (specular r e f l e c t o r s )  t o  surfaces  
which s c a t t e r  energy equally i n  a l l  d i r ec t ions  ( i so t rop ic  s c a t t e r e r s ) .  
For such a surface,  T >> A .  
The majority of theor ies  i n  existence which describe the  radar  re- 
t u r n  from complex surfaces  requi re  t h a t  c e r t a i n  assumptions be made 
(refs. 7,  8, 9 ,  10 ,  and 11). However, as pointed out  i n  reference 6 ,  
considerable controversy e x i s t s  concerning which set of assumptions 
y i e lds  an expression f o r  equation ( 2 ) ,  which i s  uniformly va l id  f o r  
na tu ra l  t e r r a i n .  However, t h e  lack  of a well-defined s t a t i s t i c a l  model, 
which describes radar  t e r r a i n  r e tu rn  , does not inva l ida te  an empirical  
determination based or! a catalog of experimentally derived s ignatures  
f o r  various surface types and conditions.  
A t  t h e  present t ime,  a subs t an t i a l  number of t e r r a in -c lu t t e r  curves 
e x i s t  f o r  d i f f e r e n t  po lar iza t ions ,  frequencies,  angles,  e t  ce te ra .  These 
curves have been shown t o  ‘ce repeatable  within +1 dB (refs. 5 ,  12,  13, 
and 1 4 ) .  
pared with previously establ. ished values f o r  which an adequate amount of 
ground-truth information exlst,s. Since t h e  magnitude of t h e  r e tu rn  over 
land increases  proport ional ly  - d t h  increases  i n  t ransmi t te r  frequency, 
radar  da ta  acquired by systems operating i n  d i f f e r e n t  frequency bands 
Thus , new da ta  obtained over any area of i n t e r e s t  may be com- 
9 
may be qua l i t a t ive ly  and quant i ta t ive ly  compared (refs. 1 4  and 15). 
method t o  demonstrate t h e  v a l i d i t y  of da ta  obtained with a spec i f i c  
scatterometer system would be t o  compare t h e  output da ta  with such a 
catalog of r e f l e c t i v i t y  curves. This approach i s  used i n  t h i s  report  
t o  evaluate t h e  13.3-GHz da ta  obtained f o r  t h e  Earth Resources Survey 
Program. Samples of scatterometer da ta  generated by s i m i l a r  systems 
over various t e r r a i n  types are included f o r  comparison and t o  fu r the r  
i l l u s t r a t e  t h e  v a l i d i t y  of t h e  13.3-GHz fan-beam da ta  (appendix A ) .  
One 
Radar backscattering information is  a r e l a t i v e l y  new t o o l  i n  t h e  
f i e l d  of ea r th  science; and, as with any new concept, a complete 
s tandardizat ion of terms and de f in i t i ons  has not ye t  been establ ished.  
Therefore, a c e r t a i n  amount of care  must be exercised when comparing 
scatterometry da ta  generated by d i f f e ren t  experimenters. 
The angle between t h e  radar beam, or a port ion of t h e  beam, and the  
i l luminated t e r r a i n  i s  var iously re fer red  t o  as t h e  depression angle,  
aspect angle,  incidence angle,  looking angle,  e t  ce te ra .  I n  t h i s  r epor t ,  
a l l  da t a  have been p lo t ted  with respect  t o  the  angle of incidence 8 
shown i n  the  following sketch. 
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I n  t h e  sketch, Ri i s  t h e  range t o  t h e  i t h  s c a t t e r e r  or area and $ 
i s  t h e  depression angle. 
t e r i z e d  by t h e  parameter rs as defined i n  equation ( 5 ) .  In'some of 
t h e  reference l i t e r a t u r e ,  a parameter y is  introduced and i s  defined 
by t h e  equation 
Also, i n  t h i s  r epor t ,  t e r r a i n  has been charac- 
0' 
rs = yA i 
i s  t h e  incidence area and rs i s  t h e  radar  cross  sec t ion  where 
proportional t o  t h e  area of t h e  t e r r a i n  contr ibut ing t o  t h e  re turn .  




rs = y s i n  I) = y cos 8 (9)  0 
A l l  reference data  presented i n  t h i s  repor t  f o r  cor re la t ion  purposes 
have been r ep lo t t ed  as a function of rs and 8 by using these  rela-  
t ionships .  
0 
One desired r e s u l t  of a scatterometer d a t a  gathering program, such 
as t h a t  incorporated i n  the  EXUP, i s  t h e  generation of a family of radar 
backscat ter  curves ( oo ( 6  ) ) which are  cha rac t e r i s t i c  of various t e r r a i n  
surfaces .  The information contained i n  any pa r t i cu la r  curve w i l l  vary 
with spec i f i c  conditions and must be ca re fu l ly  cor re la ted  with ground- 
t r u t h  data.  However, a b r i e f  examination of t h e  r e l a t i v e  ao(9) 
values ,  t h e  slope of t h e  curve, and a general knowledge of t h e  t e r r a i n  
type w i l l  usual ly  reveal  any s ign i f i can t  departure from t h e  da ta  norm. 
Scat ter ing theory and experimentally derived da ta  allow severa l  
general  statements t o  be made concerning the  cha rac t e r i s t i c  curve. For 
r e l a t i v e l y  smooth surfaces ( T  < A/10), t h e  r e tu rn  w i l l  be a function of 
a l l  t h e  per t inent  parameters previously mentioned. For very rough sur- 
faces  (T >> A ) ,  t h e  magnitude of t h e  sca t t e r ing  coe f f i c i en t  becomes in- 
dependent of t h e  incidence angle and polar iza t ion ,  and t h e  
approaches a s t r a i g h t  l i n e .  I n  general ,  for a l l  homogeneous surfaces ,  
t he  magnitude of rs var ies  inversely with f3 ( r e f s .  5 ,  6 ,  and 7 ) .  
~ ~ ( 8 )  curve 
0 
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For smooth surfaces ,  such as a Beaufort 1 sea, G decreases 0 
rap id ly  (having i t s  l a r g e s t  value near v e r t i c a l  incidence) as 0 in- 
creases.  Geometrically similar surfaces  which possess smaller sca t t e r ing  
coe f f i c i en t  values ,  such as smooth dese r t s ,  w i l l  develop a o curve 
with a s i m i l a r  s lope but with a lower absolute  magnitude (refs. 4 ,  5,  7 ,  
and 16 ) .  
value near v e r t i c a l  incidence w i l l  be s ign i f i can t ly  less because of t he  
decrease i n  t h e  specular r e f l e c t i o n  component, and the  average slope of 
t h e  curve w i l l  be s imi la r ly  decreased ( r e f s .  4 ,  7 ,  17 ,  and 18) .  Also, 
s ince  t h e  d i e l e c t r i c  constant of vegetation and s o i l s  var ies  with t h e  
percentage of water content,  o values w i l l  tend t o  be lower f o r  t he  
same t e r r a i n  at a l l  incidence angles during t h e  spring when t h e  water 
content i s  usual ly  highest  ( r e f .  5 ) .  
0 
For rough surfaces ,  such as densely fores ted  a reas ,  t h e  a. 
0 
Plo t s  of 
cussed proper t ies .  
v e r t i c a l )  and a lower average value f o r  
inent  researchers have suggested, t he  surface r ipp le  or small-scale 
s t ruc tu re  created by the  l o c a l  wind f i e l d  may g rea t ly  a l t e r  t h e  sca t t e r -  
ing proper t ies  of t h e  surfaces ,  and may w e l l  be more of a cont ro l l ing  
f ac to r  i n  radar  r e tu rn  than the  ac tua l  sea s t a t e  ( r e f s .  19, 20, 21, 22, 
and 2 3 ) .  
angle w i l l  play an important ro l e .  
oo 
values f o r  ocean surfaces  exhib i t  t h e  previously dis-  
The smoother sea states y i e ld  a s teeper  slope (near 
However, as severa l  prom- 0 '  o 
I n  t h i s  event,  wind d i r ec t ion  r e l a t i v e  t o  radar  incidence 
Experiments have shown t h a t ,  f o r  0 > 50°, sea r e tu rn  i s  grea te r  
when looking upwind than when looking downwind a t  t h e  same.angle. For 
t he  range of incidence angles l o o  t o  40°, t h i s  r a t i o  becomes negative. 
Furthermore, t he  magnitude of t h i s  e f f ec t  var ies  inversely with t h e  
wavelength of observation ( r e f s .  21, 24, and 25). 
t r a t e s  t h i s  e f f e c t  f o r  wavelengths of A = 1 cm, A = 3 cm, and 
X = 5 cm. 
w i l l  then r e f l e c t  changes i n  wind d i r ec t ion  as well  as small-scale sur- 
face  roughness. A s  seen i n  f igu re  4 ,  t h e  minimum value of t h e  negative 
upwind-downwind r a t i o  s h i f t s  toward l a r g e r  values of 8 as  t h e  wind 
ve loc i ty  increases .  The general  shape of t h e  r a t i o  curve remains un- 
changed. 
Figure 3 i l l u s -  
Data obtained with the  13.3-GHz scatterometer ( A  = 2.26 cm) 
VALIDATION TEST PROCEDURE 
A t y p i c a l  rf r e f l e c t i v i t y  analysis  program w i l l  follow t h e  func- 
t i o n a l  plan shown i n  f igure  5. The e f f o r t  reported i n  t h i s  paper w a s  
conducted i n  a s i m i l a r  s e r i e s  of s teps .  The Fl ight  Research Pro jec ts  
Branch Data Validation S ta t ion  i n  phase-two configuration is  shown i n  
12 
figures 6 and 7,  and a block diagram of t h e  equipment used i s  presented 
i n  figure 8. 
da ta  accuracy. Equipment checkout and ca l ib ra t ion  support a t  t h e  u n i t  
l e v e l  w e r e  provided by t h e  Standards and Cal ibrat ion Section of t h e  
Instrumentation and Electronic  Systems Division at  MSC. I n  addi t ion,  
alinement, ca l ib ra t ion ,  and s ignal- level  checks were performed da i ly  t o  
maintain qua l i t y  and cont inui ty  and t o  provide a continuous record of 
block systems performance. 
Dual instrumentation w a s  used whenever p r a c t i c a l  t o  insure  
In  t h e  phase-two va l ida t ion  e f f o r t ,  sample power-spectral-density 
(PSD) curves w e r e  prepared from each of t h e  severa l  da ta  tapes  under 
consideration. The exis tence,  l e v e l ,  and frequency s t a b i l i t y  of the 
ca l ib ra t ion  reference s igna l  w e r e  r eve r i f i ed  from these  curves, and t h e  
presence and extent of in te r fe rence  noise  w e r e  determined. The shape of 
t h e  PSD p l o t  provided addi t iona l  information concerning da ta  v a l i d i t y .  
Time-history samples w e r e  then recorded for  each of t h e  severa l  fre- 
quencies of i n t e r e s t  over a se lec ted  area, and from these  da t a ,  t h e  
cha rac t e r i s t i c  r e f l e c t i v i t y  curves were p lo t ted .  
The Operational Applications Office of t h e  MSC Photographic Tech- 
nology Laboratory provided copies of a e r i a l  photographs taken over t h e  
various areas during radar  da t a  acquis i t ion .  These photographs were 
exaqined t o  fu r the r  determine t h e  v a l i d i t y  of t h e  
Although t h i s  o f f i c e  w a s  unable t o  obtain complete information concern- 
ing ground-truth conditions ex is t ing  during t h e  severa l  missions, 
descr ipt ions of t h e  general  t e s t - s i t e  t e r r a i n  w e r e  provided by t h e  T e s t  
and Operations Off ice ,  Science and Applications Directorate  at MSC. 
Additional information concerning spec i f i c  areas  w a s  obtained with t h e  
ass i s tance  of t h e  Remote Sensing Evaluation and Coordination S ta f f  
(RESECS) , U .S . Geological Survey , Washington, D .C . 
a ( 0 )  curves. 0 
A s  a f i n a l  check, t h e  a ( e )  da ta  generated during t h i s  e f f o r t  
were compared with previous values obtained by several experimenters 
f o r  a va r i e ty  of t e r r a i n s  and with predicted values from sca t t e r ing  
theory. These reference curves ( together  with t h e  photographic da ta ,  
f l i g h t  maps, PSD curves, t i m e  h i s t o r i e s ,  and oo(0) 
sented i n  appendix B. 
0 
p l o t s )  are pre- 
The PSD da ta  shown i n  t h i s  repor t  represent  p l o t s  of t h e  REDOP 
scatterometer analog-decibel output versus frequency from 0 .1  t o  22 kHz. 
These da ta  w e r e  prepared by sweeping a Quan-Tech Model 303 wave analyzer 
through t h e  spec t r a l  range with a se lec ted  100-Hz f i l t e r  bandwidth. 
Time-history frequency s ignal- level  samples (30 sec )  were recorded f o r  
each of t h e  corresponding incidence angles. Specif ic  Doppler frequencies 
w e r e  determined from equation (1). For a 13.3-GHz t ransmi t te r  frequency, 
t h e  constant 2/A equals 45.646 he r t z  per knot (ground speed). I n  t h e  
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ana lys i s ,  incidence angles of 2 . 5 O ,  5 O ,  1 5 O ,  2 5 O ,  3 5 O ,  40°, 4 5 O ,  5 5 O ,  
and 60" w e r e  examined. A s  i n  previous e f f o r t s  at  MSC, areas of homoge- 
neous t e r r a i n  w e r e  se lec ted ,  and sign-sense de tec t ion  w a s  not employed. 
The r e su l t i ng  data points  are, therefore ,  an average of t h e  fo re  and aft  
beam angular re turn.  
For each area  of i n t e r e s t ,  one sample of each of  t h e  nine d i sc re t e  
frequencies w a s  prepared. A sample of t h e  ca l ib ra t ion  frequency and 
adjacent threshold l e v e l s  w a s  included on t h e  same p l o t  t o  provide a 
reference l e v e l  and an ind ica t ion  of system-base band noise.  
To simplify t h e  p lo t t i ng  process,  t h e  CI (0) equation format 
present ly  used i n  t h e  ERAP digital-computer scatterometer data-analysis 
program w a s  employed as follows 
0 
2 (4~) 3h%w R (D 
3 2  
S 
C I p :  = 
ptX Go f ' ( 0 )  
where 
CI ( 9 )  = radar backscat ter ing c ross  sec t ion  
per u n i t  a rea  0 
h = a l t i t u d e  above t e r r a i n  
V = t r u e  ground speed 
Pt = t ransmit ted power 
X = wavelength 
Ws = f errite-modulator signal-channel power 
output and spectrum-analyzer f i l t e r  
bandwidth coe f f i c i en t  
R(D) = correct ion f ac to r  f o r  composite system 
r o l l o f f  cha rac t e r i s t i c s  
2 
Go f'(0) = antenna gain and two-way pat tern-factor  
average 
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2(4s)3 = 69.5 dB 
Pth3 log lo  
By converting t o  dB form, 
theref  ore  
Values f o r  h and V are determined from t h e  a i r c r a f t  l og ,  t h e  
photo panel f i l m ,  and t h e  mission tapes .  The second and t h i r d  terms of 
equation (11) a r e  then computed. After t he  Doppler frequency Fa i s  
determined from equation (l), t h e  composite r o l l o f f  funct ion R ( D )  may 
be found i n  t a b l e s  I and 11. The antenna pa t t e rn  f ac to r  G o 2 f ' ( e )  i s  
determined from t a b l e  I11 f o r  t h e  angle of in te res t .  
When indepth data  reduction i s  performed, it i s  des i rab le  t o  view 
t h e  same s i z e  ground reso lu t ion  c e l l  a t  each of t h e  se lec ted  angles.  
This requires  t h a t  separate  o r  adjustable  band-pass f i l t e r s  be used. 
Since t h e  current  e f f o r t  w a s  t o  e s t ab l i sh  only t h e  r e l a t i v e  v a l i d i t y  of 
spec i f i c  scatterometer da t a ,  a f ixed 100-Hz (-3 dB at +50 Hz) f i l t e r  w a s  
used f o r  a l l  values of 8. The spectrum-analyzer f i l t e r  bandwidth coef- 
f i c i e n t  W then becomes -20 dB, which y i e lds  a constant power reference 
value of -147.7 dB. 
fo r  minimum va r i a t ion  i n  ground speed and a l t i t u d e ;  and, t he re fo re ,  
average values of these  parameters were used. Similar ly ,  correct ion 
f ac to r s  f o r  a i r c r a f t  a t t i t u d e  and a t t i t u d e  rate w e r e  not required.  
S 
The t i m e  periods selected f o r  ana lys i s  w e r e  chosen 
D a t a  bank magnetic tape accession numbers, mission and f l i g h t  
numbers, 0 (e) sample t imes,  and o ther  reference information def ining 
the  data  reviewed are presented i n  t a b l e  I V .  
curves, PSD p lo t s ,  a e r i a l  cor re la t ion  photographs, and f l i g h t  maps are 
presented as a p a r t  of t h i s  document, together  with severa l  previously 
published cha rac t e r i s t i c  curves,  f o r  reference purposes. To f a c i l i t a t e  
time-history s igna l  samples f o r  each of t h e  angles of i n t e r e s t  at a 
pa r t i cu la r  point i n  t i m e  are presented. 
t h e  spec i f i c  angle by means of t h e  recording key shown i n  f igu re  9.  
Vert ica l  displacement on t h e  time-history cha r t s  i s  a function of re la-  
t i v e  s igna l  l eve l .  Horizontal displacement is  a r b i t r a r y  and w a s  se lec ted  
t o  provide optimum s igna l  separation. 
0 
Also, computed o0(8) 
erpre ta t ion  of t he  radar r e tu rn  as a funct ion of t h e  incidence angl.e, 
These samples may be r e l a t e d  t o  
RESULTS AND DISCUSSION 
Although t h e  da ta  va l ida t ion  e f f o r t  w a s  l imi ted ,  by request ,  t o  
f i v e  spec i f ic  missions, it i s  f e l t  t h a t  t h e  basic  object ives  of t h e  
program have been real ized.  Reference a i r c r a f t  and ground parameters 
required f o r  sca t te red  re turn  analysis  have been shown t o  be avai lable ,  
t h e  presence of s u i t a b l e  c a l i b r a t i o n  s ignals  and cor re la t ion  photography 
has been v e r i f i e d ,  and t h e  r e d u c i b i l i t y  of t h e  data  col lected during 
these  missions has been demonstrated. The v a l i d i t y  of t h e  data  has been 
shown by comparison with da ta  published by other  invest igators  and by 
i n t e r n a l  consistency. The ao( 0 )  curves generated f o r  the  Yellowstone 
National Park area on mission 32 are almost i d e n t i c a l ,  
where they e x i s t ,  may e a s i l y  be correlated with s m a l l  var ia t ions  i n  
t e r r a i n  along t h e  ground t rack .  
and Garden City,  Kansas, areas il luminate differences i n  crop type and 
growth s tage while maintaining a c h a r a c t e r i s t i c  shape. 
Differences, 
Curves developed f o r  t h e  Weslaco, Texas, 
Data shown f o r  t h e  Asheville Basin over f l igh ts  confirm previous 
statements concerning a l t i t u d e  l imi ta t ions  with t h e  13.3-GHz scatterom- 
e t e r  i n  i t s  present configuration. An a l t i t u d e  of 10  000 f e e t  should be 
considered maximum f o r  r e l i a b l e  da ta  with t h i s  system; an a l t i t u d e  of 
5000 f e e t  appears t o  be nominal. 
f l i g h t  5,  at 1415 P . s . t .  over Pisgah Crater i l l u s t r a t e  data  perturbations 
caused by electromagnetic interference.  I n  t h e  sample shown, t h e  pres- 
ence of t h e  camera pulses (28 V de intervalometer pulses t o  t h e  carto- 
graphic cameras) makes in te rpre ta t ion  somewhat d i f f i c u l t .  However , t h e  
requirements of the  user  w i l l  determine t h e  degree t o  which t h i s  in te r -  
ference a f f e c t s  data  v a l i d i t y .  If data  points  can be selected along the  
f l i g h t  path,  then analysis  may be performed i n  t h e  time-variant windows 
between camera f i r i n g s  . 






























































TABLE 11.- COMPOSITE ROLLOFF FUNCTION FOR OVER-WATER M I S S I O N S  
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20 
Where: Fd = Doppler frequency 
V = True ground speed 
X = Wavelength 
8 = Incidence angle, 
measured from nadir 
= Lateral beam width angle 
h = Altitude above terrain 
Af = Doppler resolution, 
determined by adjustment 
of spectrum-analyzer filter 
bandwidth during data reduction 
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( a )  View one. 
(b) View two. 































REFERENCE DATA FOR VARIOUS TERRAIN TYPES 
This appendix contains samples of scatterometer data gathered over 
various terrain types which are included for comparison and to further 















0 10 20 30 40 50 60 
Angle of incidence, 0, deg 














Angle of incidence, 0, deg 















0 10 20 30 40 50 60 
Angle of incidence, 0, deg 
















0 10 20 30 40 50 60 
Angle of incidence, 0, deg 












-4 0 I 
0 10 20 30 40 50 60 
Angle of incidence, 0, deg 
(a) Heavy vegetat ion,  broken dese r t ,  deser t  sand, and sea.  














0 10 20 30 40 50 60 
Angle of incidence, 9, deg 
(b) Rocky hills, sand dunes, wooded area, and sea. 















0 10 20 30 40 50 60 
Angle of incidence, 8, deg 
( e )  Grazing land, plowed fields, and wooded swap. 

















0 10 20 30 40 50 60 
Angle of incidence, 9, deg 
( d )  Brushland, rocky h i l l s ,  and sand dunes. 
















0 10 20 30 40 50 60 
Angle of incidence, 9, deg 
















0 1 0  20 30 40 50 60 
Angle of incidence, 8, deg 

















0 10 20 30 40 50 60 
Angle of incidence, 8, deg 
Figure A-8.- Lake Michigan, Movember 14 and 18, 1958 ( r e f .  25) .  
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APPENDIX B 
SCATTEROMETER DATA SAMPLES 
The data  contained i n  t h i s  appendix include aerial photographs, 
f l i g h t  maps sample power-spectral-density curves, time h i s t o r i e s  and 
p l o t s  of radar backscattering versus incidence angle. 
40 
SET 1 -FUNCTIONAL CHECK FLIGHT DATA 
S i t e :  Matagorda Bay, Texas 
Beaufort 1 sea s ta te  
Alti tude: 3000 f e e t  
Time: 1150 c . s . t .  
These data were taken from the  NASA 926 a i r c r a f t  over Matagorda 
Bay, Texas, during a systems checkout f l i g h t  and have served as a com- 
parison base l i n e  f o r  scatterometer data  qua l i ty .  A t  approximately 
1151:45, t h e  a i r c r a f t  passed over a causeway crossing t h e  bay. This i s  
evident i n  time-history data  samples, p a r t i c u l a r l y  around t h e  5-kHz fre-  
quehcy leve l .  
The shape of the resu l tan t  Q ( 0 )  0 
l i s h e d  data  f o r  Beaufort 1 (B-1) s e a  condition ( r e f .  15), although the  
absolute s igna l  leve ls  f o r  these da ta  are consis tent ly  5 dB lower than 
the  s i g n a l  l e v e l s  f o r  a B-1 s e a  condition. 
condition somewhat smoother than B-1 but not as smooth as B-1/2. 
curve follows previously pub- 















0 10 20 30 40 50 60 65 
Angle of incidence, 9, deg 
u o  sample time 
Site, Matagorda Bay Hours / minutes / seconds 
Tape Functional check f l ight 11 50 30 
11 50 40 Through - 
(a)  The ao(e) curve. 

















.1 .2 .5 1 2 5 9 11 20 2 2  
Frequency , kHz 
Date 2/3/67 
Site, Matagorda Bay 
'Tape Functional check flight 
( b )  The PSD curve. 
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SET 2 -MISSION DATA 
Mission/f l ight / l ine/run 
- 21 - 5 - 1 2  
S i t e  2 ,  Pisgah Crater, Cal i forn ia  
Alt i tude:  3000 feet 
T ime :  1415 P. s . t .  
Infrared color f i l m  
These data  samples were taken over t he  deser t  area northwest of t h e  
Pisgah cone which i s  shown on the  accompanying f l i g h t  map. The vegeta- 
t i o n  cover i s  approximately 5 percent ;  t h e  surface macrorelief i s  from 
3 t o  5 f e e t  i n  height.  The area i s  very dry and has an annual r a i n f a l l  
of l e s s  than 6 inches. 
The (T ( e )  curve shown i n  t h i s  sec t ion  averages from 5 t o  7 dB 
0 
higher than t h e  reference curves f o r  a "normal deser t"  ( r e f .  18) .  An 
examination of t he  PSD and the  time-history p l o t s  shows the  presence of 
two in te r fe rence  "spikes," t he  occurrence of which i s  time dependent. 
The PSD p l o t  can be correlated with the  i n i t i a l  t r igger ing  pulse t o  t h e  
RC-8 cartographic camera. 
r e tu rn  film-transported pulse. 
The time-history p lo t  appears t o  be  the  
The pr inc ipa l  e f f ec t  of these pulses on t h e  scatterometer data  i s  
t o  decrease the  apparent l e v e l  of t h e  ca l ibra t ion  s igna l  by approximately 
7 dB. I f  t h i s  i s  taken i n t o  account, t h e  oo(0) curve may be rep lo t ted  


















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 2, Pisgah Crater u sample time 
Tape 75 - 0005 
Mission / f l i g h t  / l ine /run 
- - - __ 
Hours / minutes / seconds 
14 15 34 
2 1  5 1 2  14 15 38 Through - 
(a)  The 0 ( e )  curve. 0 
Figure B-2.- Set  2 data samples. 
47 
(b)  F l igh t  l i n e .  
Figure B-2.- Continued. 
48 
Scale 1:62500 
1 112 0 1 2 3 4 Miles 
Moo 0 Moo 6oco SWJ lMD0 15wo 18M10 21OWFeel 
---IC--- --- 
1 5 0 I 2 3 4 5 Kilometers - -  
Contour interval 40 feet 
datum is  mean sea level 
( c )  Fl ight  map. 
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a, 
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20 22 9 11 .1 .2 .5 1 2 5 
Frequency, kHz 
Site 2, Pisgah Crater 
Tape 75 - 0005 
Mission / f l i gh t  / line / yun 
2 1 5 1 2  ----
Id) The PSD curve. 
Figure B-2.- Continued. 
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0 '  
















SET 3 -MISSION DATA 
M i  s si on/f l i g h t  / l i ne  /run 
- 21 - 5 - 1 3  
S i t e  2 ,  Pisgah Crater,  Cal i fornia  
Alti tude: 4000 f e e t  
T ime :  1504 P . s . t .  
Plus-X f i lm  
The CT ( 0 )  data  shown i n  t h i s  sec t ion  a re  cha rac t e r i s t i c  of t h e  
0 
t e r r a i n  near t h e  northern end of l i n e  1 and, i n  t he  0' t o  40' range, 
compare favorably with reference curves ( r e f s .  1 4 ,  15,  and 17). The 
increased s igna l  l e v e l  i n  t h e  region of 45' t o  60° i s  a function of t h e  
rougher t e r r a i n  as seen by the  scatterometer a t  these  angles (shown i n  



















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 2, Pisgah Crater u o  sample time 
Tape 75 - 1  0006 1 
Mission / f l i gh t  / line / run 
- - - - 
Hours / minutes / seconds 
15 03 38 
21 5 1 3  15 04 08 Through - 
(a) The cs ( e )  curve. 
0 
Figure €3-3.- Set 3 da ta  samples. 
53 
Site 2, Pisgah Crater 
Tape 75 - 0006 
Mission /flight / line / run 
21 5 1 3  
____.--- 
(b )  F l igh t  l i n e .  
Figure B-3.- Continued. 
54 
Scale 1:62500 
1 112 0 1 2 3 4 Miles 
Mw 0 Moo 6wo 5Wl 1Mw lM00 18wo 21WOFeet 
-1111-111-1 
i 5 0 1 2 3 4 5 Kilometers - -  
Contour interval 40 feet 
datum i s  mean sea level 
( c )  Fl ight  map. 
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.1 .2 .5 1 2 5 9 11 20 22 
Frequency, kHz 
Site 2, Pisgah Crater 
Tape 75 - 0006 
Mission / f l i gh t  / l ine / run 
21 5 1 3  ---- 
(d) The PSD curve. 








SET 4 -MISSION DATA 
Miss ion/ f l igh t / l ine /mn 
- 23 - 1 - 1 I _  
S i t e  46, Asheville Basin, North Carolina 
Alt i tude:  4200 f e e t  
Time:  1104 e . s . t .  
Ektachrome color f i lm 
These da ta  samples were taken over fores ted  t e r r a i n  with consider- 
curve for t h i s  area i s  somewhat i r r egu la r ;  however, t h e  average 
ab le  variance i n  tree height along the radar-illuminated path. 
cs ( e )  
value compares well  with reference curves (refs. 14 and 15) and i s  
approximately 2 dB lower than t h a t  reported for t h e  New Jersey  woods i n  
reference 13 and 4 dB higher than t h e  curve f o r  t h e  New Jersey t r e e s  i n  




. -  
0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 46, Asheville Basin a O  sample time 
Hours / minutes / seconds 
11 03 37 
11 04 07 23 1 1 1  Through - 
Tape 75 - 0017 
Mission / f l i gh t  / l ine / run 
---- 
( a )  The o,(e) curve. 
Figure B-4.- Set 4 data  samples. 
59 
( b )  F l igh t  l i n e .  
Figure B-4.- Continued. 
60 
( e )  Fl ight  map. 


















9 11 20 22 .1 .2 .5 1 2 5 
Frequency , kHz 
Site 46, Asheville Basin 
Tape 75 - 0017 
Mission / f l ight / line / run 
---- 23 1 1 1  
(d) The PSD curve. 









SET 5 -MISSION DATA 
Mission/fl ight/ l ine/run 
1 2  - - 1 - 23 - 
S i t e  46, Asheville Basin, North Carolina 
Alti tude: 4200 f e e t  
Time: 1148 e.s.t.  
Infrared color f i lm 
These data  samples were taken over a p a r t i a l l y  forested area along 
t h e  southeastern end of l i n e  1. The cs ( 0 )  curve shown follows 
Newbry's heavy-vegetation curve (ref.  1 4 )  , i s  approximately 2 dB higher 
than t h e  rocky-hills data  presented i n  reference 17 ,  and is  5 dl3 higher 



















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
0 sample time 0 Site 46, Ashevi l le Basin 
Tape 75 - 0018 Hours / minutes / seconds 
11 48 15 Mission / f l i gh t  / line /run -23 12 2 Through .x 48 45 - 
(a) The CT ( e )  curve. 0 
Figure B-5.- Set 5 data samples. 
65 
(b) Fl igh t  line. 
Figure B-5.- Continued. 
66 
( c )  Flight map. 

















.1 .2 .5 1 2 5 9 11 20 22 
Frequency, kHz 
Site 46, Ashevi l le Basin 
Tape I 75 - 0018 
Mission / f l i gh t  / l ine /run 
23 1 1 2  ---- 
(d) The PSD curve. 





















SET 6 -MISSION DATA 
Mission/f l ight / l ine/run 
1 - 1 3  - - 23 - 
S i t e  46, Asheville Basin,  North Carolina 
Alti tude: 1 5  000 feet 
Time:  1239 e . s . t .  
Infrared color film 
Surface elevat ion var ies  considerably along t h i s  sect ion of par- 
t i a l l y  forested,  p a r t i a l l y  cu l t iva ted  t e r r a i n .  
curve i n  the  region of l o o  t o  4 5 O  is  similar t o  the  grazing-land curve 
i n  reference 17,  although s igna l  leve ls  a re  approximately 7 dB higher;  
but t h i s  i s  believed t o  be only a "chance f i t . "  
from t h i s  a l t i t u d e  would not be considered r e l i a b l e .  
The slope of the  uo(  e )  


















0 10 20 30 40 50 60 65 
Angle of incidence, 0, deg 
Site 46, Ashevil le Basin a. sample time 
Hours / minutes / seconds Tape 75 - 0019 
12 39 08 Mission / f l i gh t  / l ine /run 
23 1 1 3  12 39 38 - - - - Through - 
(a) The a0(e) curve. 




(b )  F l igh t  l i n e .  
Figure B-6.- Continued. 
( c )  Flight map. 
Figure B-6.- Continued. 

















20 22 .1 .2 .5 1 2 5 9 11 
Frequency, kHz 
Site 46, Asheville Basin 
Tape 75 - 0019 
Mission /f l ight / line /run 
23 1 1 3  ---- 
(d)  The PSD curve. 









SET 7 -MISSION DATA 
Mission/f l ight / l ine/run 
- 23 - 1 - 1 4  
S i t e  46, Asheville Basin, North Carolina 
Alt i tude:  15 000 f e e t  
Time: 1310 e . s . t .  
Ektachrome color film 
These samples were taken over a suburban area  near Asheville. The 
r e su l t an t  CT ( e )  curve does not appear t o  match any reference da ta  and 



















0 10 20 30 40 50 60 65 
Angle of incidence, 0, deg 
Si te 4 6 ,  Ashevil le Basin u o  sample time 
Tape 75 - 0020 Hours / minutes / seconds 
13 09 45 Mission / f l i gh t  / line /run 
---- 23 1 1 4 Through 13 3.0 15 
(a) The a,(@) curve. 
Figure B-7.- S e t  7 data samples. 
77 
(b) Flight line. 
Figure B-7.- Continued. 
78 
I 
( c )  Flight map. 

















.1 .2 .5 1 2 5 9 11 20 22 
Frequency, kHz 
Site 46,  Asheville Basin 
Tape 75 - 0020 
Mission / f l i ght  / line /run  
23 1 1 4  ---- 
( d )  The PSD curve. 











SET 8 - M I S S I O N  DATA 
Mission/fl ight/ l ine/run 
- 32 - 1 - 4 1  
S i t e  76, Garden City,  Kansas 
Alti tude: 3000 f e e t  
T ime :  1430 c . s . t .  
Ektachrome color f i lm 
The 0 ( 0 )  curve shown i n  t h i s  sect ion i s  p lo t ted  from data  ob- 
ta ined over Kansas grain f i e l d s  near t h e  northern end of l i n e  4 and 
shows a marked increase i n  t h e  s igna l  l e v e l  s t a r t i n g  at 20°-incidence 
angle. 
(shown i n  t h e  accompanying photograph). 
parable with reference da ta  contained i n  references 14 and 17. 
0 
This may be correlated with the  change i n  crop type and height 


















0 10 20 30 40 50 60 65 
Angle of incidence, 0, deg 
Site 76, Garden City 
Tape 75 - 0079 
Mission / f l i gh t  / l ine / run 14 30 08 
- 32 - 1 4 1 Through 14 30 23 
u o  sample time 
Hours / minutes / seconds 
(a) The 0 ( 8 )  curve. 0 
Figure B-8.- Set 8 data samples. 
83 
S i t e  76, Garden City 
Tape 75 - 0079 
Mission / f l i g h t  / line / run 
32 1 4 1  ---- 
(b) Flight line. 
Figure B-8.- Continued. 
84 
Scale 1:250,000 
5 0 5 10 I5 20 statute miles 
5 0 5 IO 15 20 25 30 kilometers 
5 0 5 IO 15 nautical miles 
- -  6 
c.-- * 
c - -  L 
Contour interval 50 feet with supplementry contours at 25 foot intervals 
Transverse mercator projection 
( c )  Flight m a p .  


















I I  
.1 .2 .5 1 2 5 9 11 20  2 1  
Frequency, kHz 
Site 7 6 ,  Garden C i ty  
Tape 7 5  - 0079 
Mission / f l i gh t  / l ine / run 
32 1 4 1  ---- 










SET 9 -MISSION DATA 
Mission/flight/line/run 
- 32 - 1 - 3 1  
Site 76, Garden City, Kansas 
Altitude: 3000 feet 
Time: 1453 e.s.t. 
Ektachrome color film 
These samples were taken over the northern end of line 3 adjacent 
to line 4. The ao(9) curve is characteristic of this type of cropland 
and compares well with signal level values shown in the line 4 sample in 
the region of 25' to 60°. 
more homogeneous, thus yielding a substantially smoother curve. 


















0 1 0  20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 76, Garden C i ty  u o  sample time 
Tape 75 - 0080 Hours / minutes / seconds 
Mission / f l i gh t  / i ine /run 14 52 55 
~- 32 - 1 3 1 Through 14 53 10 
(a) The a,(9) curve. 
Figure B-9.- Set  9 data samples. 
(b)  Flight l i n e .  
Figure B-9 .- Continued. 
Scale 1:250,000 
5 0 5 10 15 20 statute miles 
5 0 5 IO 15 20 25 30 kilometers 
5 0 5 IO 15 nautical miles 
- -  1 
P I -  
b b  
Contour interval 50 feet with supplementry contours at 25 foot intervals 
Transverse mercator projection 
( c )  Fl igh t  map. 
















.1 .2 .5 1 2 5 9 11 20 2 1  
Frequency, kHz 
Site 76, Garden City 
Tape 75 - 0080 
Mission / f l i g h t  / line / run  ---- 32 1 3 1  
fd) The PSD curve. 






SET 10  -MISSION DATA 
Mission/f l ight / l ine/run 
- 32 - 2 - 5 L  
S i t e  11, Yellowstone National Park 
Alt i tude:  7500 f e e t  
T ime :  1105 m . s . t .  
Ektachrome color  film 
The t e r r a i n  shown i n  t h e  photograph i n  t h i s  sec t ion  i s  located near 
t he  Gal la t in  River area at t h e  western end of l i n e  5. 
t i a l l y  fores ted  with a change i n  t r e e  type as  shown i n  t h e  upper ha l f  of 
t h e  photograph. The CT ( 8 )  curve i s  subs t an t i a l ly  lower i n  s igna l  l e v e l  
as compared t o  reference values f o r  fores ted  t e r r a i n  (refs. 14 and 17) 
and approximately 5 dB higher than values given f o r  brushland (ref.  17). 



















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 11, Yellowstone u o  sample time 
Tape 75 - 0081 
Mission / f l i gh t  / line / run 
- - - - 
Hours / minutes / seconds 
11 05 20 
32 2 5 1  11 05 50 Through ___ 
(a) The aO(e)  curve. 
Figure B-10.- Set 10 data samples. 
95 
(b) Flight line. 
Figure B-10.- Continued. 
Scale 1:125000 
I 0 I 2 3 4 5 6 7 8 Pmiler 
0 1qOOO 20POO3qOOO feet 
5000 5,000 15000 25.500 35000 
I 0 1 2 3 4 5 6 7 8 9  kilometers 
.Centour interval 80 feet 
Datum i s  mean sea level 
- _ . - -  
I _ I  
- _ .  
( c )  Fl igh t  map. 







I '  
9 11 20 2 1  .1 .2 .5 1 2 5 
Frequency , kHz 
Site 11, Yellowstone 
Tape 75 - 0081 
Mission / f l i gh t  / line / run 
---- 32 2 5 1  
(d) The PSD curve. 






























SET 11 -MISSION DATA 
Mission/fl ight/ l ine/run 
32 - 2 - 7 L  
S i t e  11, Yellowstone National Park 
Alt i tude:  7500 feet 
Time: 1151 m . s . t .  
Ektachrome color f i lm 
The overflown te r ra in  shown i n  t h i s  sect ion i s  located north of 
t h e  Madison Valley area and i s  s i m i l a r  t o  t h e  sample given f o r  l i n e  5. 
The percentage of f o r e s t  cover i s  reduced and t h e  t e r r a i n  i s  somewhat 
smoother which accounts f o r  t h e  s l i g h t l y  higher re turns  recorded f o r  
angles approaching nadir.  Otherwise, t h e  oo ( 6  1 curve follows data  


















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 11, Yellowstone u o  sample time 
Tape 75 - 0082 Hours / minutes / seconds 
32 2 7 1  11 51 30 - - - - Through - 
Mission / f l i gh t  / line / run 11 51 20 
(a) The a ( e )  curve. 
0 
Figure B-11.- S e t  11 data samples. 
101 
(b) Fl igh t  l i n e .  
Figure B-11.- Continued. 
102 
Scale i:125 000 
I 0 I 2 3 4 5 6 7 8 9rniies 
o l0,OOO 2Op003WOO feet 
! m o w 0  3sP00 
I 0 I 2 3 4 5 6 7 8 9  kiiome(ers 
contour interval 80 feet 
Datum is mean sea level 
- - I  
- 
( c )  Flight map. 


















.1 .2 .5 1 2 5 9 11 20 2 1  
Frequency , kHz 
Site 11, Yellowstone 
Tape 75 - 0082 
Mission / f l i g h t  / line / run 
32 2 7 1  ---- 
( d )  The PSD curve. 



















SET 1 2  - M I S S I O N  DATA 
Mission/f l ight / l ine/run 
- 32 - 2 - 7 1  
S i t e  11, Yellowstone National Park 
Alt i tude:  7500 feet 
T ime :  1204 m . s . t .  
Ektachrome color film 
These data  samples were taken near t h e  eastern end of l i n e  7 i n  t h e  
Deep Creek, Mirror Plateau area. 
shown f o r  the  western end of l i n e  7. An increased t ree  density i s  seen 
at t h e  l a r g e r  radar incidence angles. Ref lec t iv i ty  values obtained a r e  
almost i d e n t i c a l  t o  those recorded f o r  t h e  previous sample. The in- 
creasing s igna l  l e v e l  i n  the  4 5 O  t o  60° range cor re la tes  with the  higher 
percentage of f o r e s t  cover and with the s c a t t e r i n g  theory.  















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 11, Yellowstone u sample time 
Hours /minutes / seconds 
12 03 35 
32 2 7 1  12 04 00 Through - 
Tape 75 - 0083 
Mission / f l i g h t  / line /run 
---- 
(a) The CJ ( e )  curve. 0 
Figure B-12.- S e t  12 data samples. 
107 
(b)  Fl ight  l i n e .  
Figure B-12.- Continued. 
108 
Scale 1:125000 
1 0 1  2 3 4 5 6 7 8 9 m i l e s  
0 10,000 2400034000 k t  
5pO?55pOO 15000 2WOO 35000 
IO I 2 3 4 5 6 7 8 9  kilometers 
- - - - I  
- .  . _ . #  
I^  
Contour interval 80 feet 
Datum is mean sea level 
( c )  Fl igh t  map. 
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.1 .2 .5 1 2 5 9 1 1 1 2  
Frequency, kHz 
Site 11, Yellowstone 
Tape 75 - 0083 
Mission / f l i g h t  / line / r u n  
32 2 7 1  ---- 
(d) The PSD curve. 






SET 13 -MISSION DATA 
Mission/f l ight / l ine/run 
- 35 - 1 1 1  
S i t e  32, Weslaco, Texas 
Alt i tude:  3000 feet 
Time: 1304 c . s . t .  
Infrared color f i lm 
These data  samples were taken over t h e  northern end of l i n e  1 on 
t h e  U.S. Department of Agriculture (USDA) Research Farm, south of 
E l s a ,  Texas. The area shown i s  a combination of low vegetable crops, 
plowed f i e l d s ,  and grazing land with some low bushes sca t te red  along 
t h e  f l i g h t  t rack .  The resu l tan t  0 ( 0 )  curve compares w e l l  with 



















0 10 20 30 40 
Angle of incidence, 8, deg 
~ 
50 60 65 
Site 32, Weslaco u o  sample time 
Tape 75 - 0172 
Mission / f l i g h t  / line /run 
~ - - - 
Hours / minutes / seconds 
13 04 30 
40 35 1 1 1  13 04 Through - 
(a) The o ( 6 )  curve. 0 
Figure B-13.- Set 13 data samples. 
113 
( b )  F l i g h t  l i n e .  































1 .2 .5 1 2 5 9 11 20 22 
Frequency , kHz 
Si te  32, Weslaco 
Tape 7 5  - 0172 
Mission / f l i gh t  / line /run 
3 5  1 1 1  ---- 
( d )  The PSD curve. 
Figure B-93.- Continued. 
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SET 14 - M I S S I O N  DATA 
Mission/f l ight / l ine/run 
12 2 -1 - 35 -
S i t e  32, Weslaco, Texas 
Alt i tude:  3000 f e e t  
T ime :  1352 c . s . t .  
Infrared color f i lm  
The t e r r a i n  shown i n  t h e  photograph i n  t h i s  sect ion i s  located at 
t h e  southern end of l i n e  12 ,  on t h e  USDA Mil i ta ry  Highway s i te .  Crop 
height near t h e  center  of t h e  ta rge ted  area i s  qui te  l o w ,  and 
values i n  t h e  angular region of Oo t o  35' compare wel l  with data  pre- 
viously published f o r  plowed f i e l d s  ( r e f .  1 7 ) .  
Highway 281, vegetation height increases subs tan t ia l ly .  Also, crops 
seen a t  the  northern end of t h i s  a rea  a re  more mature than crops nearest  
t h e  center .  This i s  r e f l ec t ed  i n  t h e  0 ( 9 )  data  as an increase i n  
s igna l  l eve l  at 40°- t o  60°-incidence angle. 
cro(9) 

















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 32, Weslaco u sample time 
Tape 75 - 0173 Hours / minutes / seconds 
Mission / f l i gh t  / l ine /run 12 52 35 
35 1 12 1 Through - 12 52 55 ---- 
( a )  The (5 ( e )  curve. 
0 
Figure B-14.- Set 1 4  data  samples. 
(b )  F l igh t  l i n e .  









9 11 20 22 .1 .2 .5 1 2 5 
Frequency, kHz 
Site 32, Weslaco 
Tape 75 - 0173 
Mission / f l i gh t  / l ine /run 
35 1 12 1 ---- 
( d )  The PSD curve. 































SET 15 -MISSION DATA 
Mission/flight/line/run 
1 ._. 1 1  - - 36 - 
Site 102, Lake City, Florida 
Altitude: $000 feet 
Time: 1308 e.s.t. 
Ektachrome color film 
These data samples were taken over the northwestern end of line 1, 
near Jasper, Florida. The area shown is predominantly covered with 
second growth slash pine, averaging approximately 50 feet in height, 
with very little underbrush. The terrain is low lying, generally flat, 
and poorly drained in most places. 
dated sand. 
The soil is mainly red unconsoli- 
The CI ( 8 )  curve shown follows the data given in reference 14 0 
for the New Jersey trees to 40° and is 2 to 3 d B  higher in the region 
of 40°- to 60'-incidence angle. 
the dense underbrush and tree cover seen by the scatterometer at these 
angles. 






0 10 20 30 40 50 60 65 
Angle of incidence? Br  deg 
Si te 102, Lake C i ty  
Tape 75 - 0175 
Mission / f l i gh t  / line / run 13 08 25 
36 1 1 1  13 08 55 - - - -- Through - 
a O  sample time 
Hours / minutes / seconds 
\ 
( a )  The a,(6) curve. 
Figure B-15.- S e t  15  data samples. 
( b )  Fl ight  l i n e .  
Figure B-15.- Continued. 
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Elevation in feet 
tu,,, I I I I I I I I I t I I I I I I e 1 I I I I 1 I I I I a I Nauticalmiles 
5 0  25 50 75 100 125 I50 
& 1 1 I I I I L Statutemiles 5 0  25 50 75 IO0 125 150 175 
50 25 50 75 100 125 150 175 200 225 250 275 
1 t I I 1 : 1 I m 1 i I I I I 1 I I 1 1 1 I I I I I I I 
~ I I I I ~ I I I I ~ I I I I ~ I I I I ~ : I I I  ~ I I I I I I I I I I I  I I I ~ I I I I ~ I I I  I I I I I I I I  Kilometers 
( c )  Flight map. 






a, 5 -30 - 
-4 0 
-5 0 
.1 .2 .5 1 2 5 
Frequency , kHz 
Si te  102, Lake City 
Tape 75 - 0175 
Mission /flight / line / run 
36 1 1 1  ---- 
9 11 20 2 1  
( d )  The PSD curve. 





















SET 16 -MISSION DATA 
Mission/fl ight/ l ine/run 
- 36 - 2 - 3 2  
S i t e  95, Everglades , Florida 
Alti tude: 7000 f e e t  
T ime :  0922 e.s. t .  
Inf ra red  color f i lm 
These samples a r e  representative of t h e  Everglades area and were 
taken near t h e  center  of l i n e  3. The a rea  shown i s  mostly f l a t  
swampland with approximately 50-percent dense grass cover. The re- 
maining surface i s  peat moss, water, and s m a l l  t ree- is lands ranging 
from 20 t o  1000 f e e t  i n  diameter. 
I n  the  0 ( 0 )  curve presented, agreement i s  found with reference 
da ta  f o r  wooded swamp ( r e f .  17) i n  the  angular regions of Oo t o  5' and 

















0 10 20 30 40 50 60 65 
Angle of incidence, 0, deg 
Site 95, Everglades 
Tape 75 - 0178 
a O  sample time 
Hours / minutes / seconds 
Mission /flight / line / r u n  09 22 25 
36 2 3 2  09 22 35 - - - - Through - 
(a) The G ( 0 )  curve. 
0 
Figure B-16.- Set  16 data samples. 
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( b )  F l igh t  l i n e .  





















.1 .2 .5 1 2 5 9 11 20 22 
Frequency, kHz 
Site 95, Everglades 
Tape 7 5  - 0178 
Mission / f l i ght  / line /run 
36 2 3 2  ---- 
( d )  The PSD curve. 
















SET 17 -MISSION DATA 
Mission/flight/line/run 
- 36 - 4 - 1 1  
Site 95 Everglades Florida 
Altitude: 7000 feet 
Time: 0848 e.s.t. 
Infrared color film 
These data samples were taken near the southern end of line 1 over 
Florida Bay, north of Eagle Key. In the angular region of Oo to 2 5 O Y  
the cs ( e )  curve reflects a sea condition approaching Beaufort 1. The 
increasing signal level beyond this point is a function of the return 




















0 10 20 30 40 50 60 65 
Angle of incidence, 0, deg 
Si te 95, Everglades u sample time 
Tape 75 - 0182 
~- 36 - 4  1 1  - Through 08 48 05 
Hours / minutes / seconds 
Mission / f l i gh t  / l ine / run 08 48 00 
(a)  The CT ( 8 )  curve. 0 
Figure B-17.- Set  17  data samples. 
(b) Flight line. 


















.1 .2 .5 1 2 5 9 11 20 22 
Frequency, kHz 
Site 95, Everglades 
Tape 7 5 -  0182 
Mission / f l ight  / l ine / r u n  
36 4 1 1  ---- 
(d) The PSD curve. 


















SET 18 - M I S S I O N  DATA 
Mission/flight/line/run 
4 2  - - 4 - 36 - 
Site 95 , Everglades , Florida 
Altitude: 7000 feet 
Time: O 9 l l  e.s.t. 
Infrared color film 
These data samples were taken over the southwestern portion of 
line 4. The G ( 0 )  curve is almost identical to the one given for 
the land-sea interface near Eagle Key, is in the region o f  loo to 40'; 
and is 3 dB lower than the data presented for flight 2, line 3, of 
mission 36,  This may be a function of the increased percentage of 

















0 10 20 30 40 50 60 65 
Angle of incidence, 8, deg 
Site 95, Everglades a O  sample time 
Tape 75 - 0183 Hours / minutes / seconds 
09  11 30 Mission / f l i gh t  / line / run 
36 4 4 2  09 11 40 - - - - Through - 
( a )  The o,(O) curve. 
Figure B-18.- Set 18 da ta  samples. 
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(b) Fl ight  l i ne .  

















.1 .2 .5 1 2 5 9 11 20 22 
Frequency, kHz 
Site 95, Everglades 
Tape 7 5 -  0183 
Mission / f l i gh t  / l ine / run 
36 4 4 2  ---- 
(d) The PSD curve. 
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